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Previous studies have shown that proinflammatory cytokines, such as tumor necrosis factor alpha (TNF-a) 
and interleukin 6 (IL-6), are differentially induced in primary mouse astrocytes by mouse hepatitis virus strain 
A59 (MHV-A59) and MHV-2. However, the signaling events that trigger TNF-a and IL-6 induction in these 
cells upon MHV infection remain unknown. In this study, we explored the potential signaling events. We found 
that induction of TNF-a and IL-6 occurred as early as 2 h postinfection and was completely dependent on viral 
replication. Using inhibitors specific for three mitogen-activated protein kinases, we showed that induction of 
TNF-a and IL-6 by MHV-A59 infection was mediated through activation of the Janus N-terminal kinase 
signaling pathway, but not through the extracellular signal-regulated kinase or p38 signaling pathway. This 
finding was further confirmed with knockdown experiments using small interfering RNAs specific for Janus 
N-terminal kinase. Interestingly, while nuclear factor kB (NF-«B), a key transcription factor required for the 
expression of proinflammatory cytokines in most cell types, was activated in astrocytes during MHV-A59 
infection, disruption of the NF-«B pathway by peptide inhibitors did not significantly inhibit TNF-a and IL-6 
expression. Furthermore, experiments using chimeric viruses demonstrated that the viral spike and nucleo- 
capsid proteins, which play important roles in MHV pathogenicity in mice, are not responsible for the 
differential induction of the cytokines. These results illustrate the complexity of the regulatory mechanism by 


which MHV induces proinflammatory cytokines in primary astrocytes. 


Proinflammatory cytokines are a group of cytokines that were 
originally identified as mediators of inflammation. However, fur- 
ther studies have found that many proinflammatory cytokines 
have multiple biological functions, e.g., regulating cell develop- 
ment, maintaining homeostasis, and antiviral effects. Tumor ne- 
crosis factor alpha (TNF-a) is one such proinflammatory cytokine 
that has diverse biological effects, including cytolysis, cytotoxicity, 
immunoregulation, cellular proliferation, and antiviral responses, 
and thus plays important roles in the pathogenesis of inflamma- 
tory diseases (15, 34, 36, 38, 39). TNF-a has also been considered 
to be a contributing factor in the human disease multiple sclerosis, 
a degenerative disease of the central nervous system (CNS) (14), 
although the precise role of TNF-a in multiple sclerosis remains 
controversial (31, 35). 

In the CNS, TNF-a is produced by resident astrocytes and 
microglia or by infiltrating blood-borne macrophages and 
other mononuclear cells during disease and mediates cell in- 
jury in nerve cells and oligodendrocytes (24, 40). Depending on 
the types of cells and stimuli, TNF-a can be expressed through 
diverse pathways, and its expression is regulated at multiple 
levels. For example, lipopolysaccharide induces TNF-a in mi- 
croglia through p38 mitogen-activated protein (MAP) kinase 
at both the transcriptional and translational levels (21), while 
interleukin 18 (IL-18) induces TNF-a and IL-6 in astrocytes 
through a mechanism involving protein kinase C at the tran- 
scriptional level (4), although p38 can also modulate TNF-a 
expression at the translational level (21). Production of TNF-a 
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by astrocytes stimulated with Newcastle disease virus is achieved 
by transcriptional activation and mRNA stabilization through 
protein kinase C (11). Furthermore, it has been shown that 
different MAP kinases are involved in different cell types in 
TNF-a production (6, 20). 

Mouse hepatitis virus (MHV) can infect rodents and cause 
digestive and CNS diseases that range from acute fulminant 
fatal encephalitis to chronic demyelination. However, the se- 
verity of CNS disease is significantly influenced by both viral 
genetics and host factors. For example, MHV strain JHM (or 
MHV type 4 [MHV-4]) is highly neurovirulent, causing acute 
lethal encephalitis, although a number of variants, naturally 
occurring or laboratory-adapted mutants, exhibit various de- 
grees of neurovirulence (7, 16). Strain MHV-AS9 has relatively 
low neurovirulence, causing less encephalitis and more demy- 
elination (18, 19). In contrast, strain MHV-2 has low neuro- 
virulence, causing only mild meningitis but no encephalitis and 
demyelination (8, 12, 47). Host factors, including innate and 
adaptive immunities, have been shown to be critical in the 
development of MHV-caused CNS diseases (25, 37, 41). MHV 
infection induces the expression of a number of proinflamma- 
tory cytokines and chemokines in the mouse CNS (1, 17, 23, 30, 
42). Although the exact roles of individual cytokines in MHV 
pathogenesis are not completely understood, in general, the 
level and kinetics of their expression are correlated with the 
severity of the CNS disease (23, 30). TNF-a mRNA is induced 
more rapidly in mouse CNSs infected with a lethal MHV strain 
than in those infected with a nonlethal MHV variant (30). In 
vivo experiments have shown that the cytokines TNF-a, IL-6, 
and IL-1 are expressed by astrocytes in mice chronically in- 
fected with MHV-JHM and that these activated astrocytes are 
localized to areas of virus infection and demyelination (43). 
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However, the severity and pathology of CNS disease caused by 
the MHV-JHM strain are similar in recipient mice with pas- 
sively transferred CD8* T cells derived from wild-type and 
TNF-a knockout mice (31), suggesting that CD8* T-cell-me- 
diated TNF-a does not play a significant role in CNS patho- 
genesis. Interestingly, infection of primary astrocytes and mi- 
croglia with MHV-A59 induces both mRNA and protein 
expression (23, 49), while infection of primary peritoneal mac- 
rophages with MHV-JHM induced only mRNA transcription 
but inhibited translation (42). Thus, expression of TNF-a by 
MHV infection is virus strain and cell type dependent and can 
be regulated at both the transcriptional and translational levels. 
Previously, we and others showed that infection of pri- 
mary mouse astrocytes and microglia with MHV-AS9 signif- 
icantly induced the expression of proinflammatory cyto- 
kines, especially TNF-a and IL-6, while infection with 
MHV-2 did not (23, 49). However, the signaling events that 
trigger TNF-a and IL-6 induction in these cells upon MHV 
infection remain unknown. In the current study, we explored 
the molecular mechanisms by which MHV infection induces 
TNF-a and IL-6 expression in primary mouse astrocytes. We 
found that the induction of TNF-a and IL-6 by MHV-A59 is 
mediated by activation of the Janus N-terminal kinase 
(JNK) signaling pathway, but not by the extracellular signal- 
regulated kinase and p38 MAP pathways. Interestingly, 
while nuclear factor kB (NF-kB), which is a key transcrip- 
tion factor required for the expression of proinflammatory 
cytokines in most cell types, was activated in astrocytes 
during MHV-AS9 infection, NF-«B activation appears to be 
dispensable for MHV-induced TNF-a expression. Further- 
more, experiments using chimeric viruses demonstrated that 
the spike (S) and nucleocapsid (N) proteins, which play 
important roles in MHV pathogenicity in mice, are not 
responsible for the differential induction of the cytokines. 


MATERIALS AND METHODS 


Viruses, cells, and reagents. MHV-A59 and MHV-2 were used throughout 
this study. Both viruses were originally obtained from Michael Lai (University of 
Southern California Keck School of Medicine, Los Angeles, CA). The recom- 
binant virus Penn-98-1 was kindly provided by Ehud Lavi (University of Penn- 
sylvania School of Medicine). Penn-98-1 was made by targeted recombination 
between MHV-AS9 and a synthetic subgenomic RNA containing the S gene of 
MHV-2. Thus, Penn-98-1 has the MHV-2 S gene in the genome background of 
MHV-AS9 (9). The recombinant virus icA59/2N was generated using a reverse- 
genetics method as described below. It contains the MHV-A59 genome with the 
N gene replaced with its counterpart from MHV-2. All viruses were plaque 
purified for three rounds, propagated in the mouse astrocytoma cell line DBT 
(13), and purified by ultracentrifugation before being used for infection through- 
out this study. Virus titers were determined by plaque assay in DBT cells. The 
p38 kinase inhibitor $B203580 and its nonspecific control inhibitor $B202474, 
the MEK nonspecific control inhibitor UO124, and the JNK inhibitor SP600125 
were purchased from Calbiochem Inc., while the MEK inhibitor UO126 was 
purchased from Promega. The stock solutions for these inhibitors were prepared 
in dimethyl sulfoxide and stored at —20°C. The NF-«B inhibitors SC3060 and 
NF-«B p65 (Ser276)-inhibitory peptide were purchased from Santa Cruz Bio- 
technology Inc. and Imgenex Co., respectively. The stock solutions of 5 mM for 
these peptides were prepared in distilled water and stored at —20°C. 

Virus purification and inactivation. Viruses were grown in DBT cells over- 
night. The culture medium and cell lysates were collected following freezing and 
thawing once and clarified of cell debris by centrifugation at 3,000 x g for 30 min 
at 4°C (Marathon 3200R; Fisher Scientific). For virus purification, the clarified 
virus preparation was loaded onto a 30% (wt/vol) sucrose cushion and centri- 
fuged at 27,000 rpm for 3 h at 4°C in an SW27/28 rotor (Beckman). The pellets 
that contained the virus were resuspended in phosphate-buffered saline (PBS). 


REGULATION OF CYTOKINE EXPRESSION BY MHV INFECTION — 12205 


To inactivate the virus, the virus preparations were exposed to UV light for 30 
min on ice in a UV cross-linker (Fisher Scientific). The effectiveness of inacti- 
vation was confirmed by the absence of cytopathic effect and virus infectivity after 
inoculation of DBT cell monolayers with UV-irradiated virus. 

Preparation of mouse primary glial cells. Mouse primary glial cells were 
isolated from the brains of neonatal C57BL/6 mice by using a technique exploit- 
ing the differential adherence characteristics of astrocytes, microglia, and oligo- 
dendrocytes. Mice were euthanized with halothane, and their brains were re- 
moved aseptically and immediately placed in ice-cold PBS. The meninges were 
removed, and the brains were homogenized through a vacuum filtration appa- 
ratus fitted with a 100-~m nylon mesh. The cells were resuspended in defined 
Dulbecco minimum essential medium containing 500 mg/liter glucose supple- 
mented with 10% fetal bovine serum, 200 mM L-glutamine, 100 U/ml penicillin, 
0.1 mg/ml streptomycin and cultured in 75-cm? flasks for 9 to 14 days until the 
monolayers reached confluence. The confluent cultures were vigorously agitated 
on a rotary shaker for 15 h (37°C; 200 rpm) to dislodge the microglia and 
oligodendrocytes. The resulting cell suspension, rich in microglia, was trans- 
ferred to 75-cm? culture flasks and allowed to adhere at 37°C. After a 3-h 
adherence interval, loosely adherent cells and cells in suspension (most of which 
were oligodendrocytes) were removed by gently shaking the flasks at room 
temperature. The astrocytes remained attached to the culture flask after the 
initial microglial-dissociation step. The purity of the isolated glial cells was 
determined by immunohistochemical staining with cell-type-specific antibodies. 
This isolation procedure routinely yielded cell populations with a purity of 
>95%. All experiments involving the use of mice were conducted in accordance 
with the guidelines of the Institutional Animal Care and Use Committee at the 
University of Arkansas for Medical Sciences. 

Immunofluorescence assay. For determination of the purity of the isolated 
astrocytes, cells were cultured on coverslips, fixed with 4% paraformaldehyde, 
and permeabilized with 0.3% Triton X-100. Following incubation with 10% 
normal goat serum, the cells were stained with a primary rabbit anti-glial fibril- 
lary acidic protein (GFAP) (Dako Cytomation) antibody (1:100 dilution) and a 
secondary goat anti-rabbit immunoglobulin G antibody conjugated with fluores- 
cein isothiocyanate (Sigma Co., St. Louis, MO; 1:100 dilution). The stained cells 
were washed with PBS, and the coverslips were mounted on slides with an 
aqueous mounting medium. The cells were then observed under a fluorescence 
microscope (model IX70; Olympus). For detection of NF-«B, the same immu- 
nofluorescence assay was carried out, except that the primary antibody was a 
rabbit anti-NF-«B p65 polyclonal antibody (Santa Cruz; 1:100 dilution). 

ELISA. The Quantikine enzyme-linked immunosorbent assay (ELISA) sys- 
tem (R&D Systems) was used for the detection and quantification of TNF-a 
and IL-6 according to the manufacturer’s instructions. Briefly, primary astro- 
cytes were infected with MHVs at a multiplicity of infection (MOI) of 5. The 
culture supernatants were collected at various time points postinfection (p.i.) 
and used for determining the protein levels of TNF-a and IL-6. ELISA was 
performed in 96-well plates that were precoated with a polyclonal antibody 
specific for mouse TNF-a or IL-6. The plate was incubated with the culture 
supernatants and controls for 2 h at room temperature and then washed with 
a wash buffer five times. The mouse TNF-a conjugate was added to each well 
and incubated for an additional 2 h, followed by five washes. The substrate 
solution was added to each well and incubated for 30 min. The reaction was 
stopped by the addition of a stop solution. The plate was read by a microplate 
reader (Spectra Max 190; Molecular Devices) at 450 nm, and 540 nm was 
used as a correction. The cytokine protein concentration was obtained based 
on a standard curve generated by performing parallel assays using known 
amounts of TNF-a or IL-6 (included in the kits). 

RNA isolation and qRT-PCR. Total RNAs were isolated from primary astro- 
cytes using TriZol reagent and treated with DNase I (Invitrogen, Carlsbad, CA) 
prior to being used in quantitative real-time reverse transcription-PCR (qRT- 
PCR). Primers for TNF-a, IL-6, and B-actin and 6-carboxytetramethylrhodamine 
TaqMan probes were synthesized by Applied Biosystems Inc. (Foster City, CA). 
The forward and reverse primers were 5'-ACA AGG CTG CCC CGA CTA C-3' 
and 5'-TGG AAG ACT CCT CCC AGG TAT ATG-3’ for TNF-a and 5’-CCC 
AAT TTC CAA TGC TCT CC-3' and 5'-TCC ACA AAC TGA TAT GCT TAG 
G-3' for IL-6, respectively. The primer pair for B-actin was 5'-GGC TAT GCT 
CTC CCT CAC G-3' (forward) and 5'-CGC TCG GTC AGG ATC TTC AT-3’ 
(reverse). The RT reaction was carried out using the iScript cDNA synthesis kit 
(Bio-Rad Laboratories) according to the manufacturer’s instructions. Real-time 
PCRs were performed in a total reaction volume of 25 yl using the iCycler kit 
(Bio-Rad Laboratories) containing a final concentration of 400 nM of forward 
and reverse primers, 200 nM of TaqMan probe, and 1 wl of cDNA from the RT 
step. The results were analyzed using the iCycler IQ multicolor real-time PCR 
detection system (Bio-Rad Laboratories). The gene expression levels in various 
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experimental groups were calculated after the cycle thresholds against the B-ac- 
tin housekeeping gene were normalized and are presented as picogram values. 

Western blot analysis. Western blot analysis was carried out to examine JNK 
pathway activation. Primary murine astrocytes were infected with MHV strains at 
an MOI of 5. At 24h p.i., the cells were washed five times with PBS and lysed 
with a radioimmunoprecipitation assay buffer (20 mM Tris, pH 7.5, 150 mM 
NaCl, 1% NP-40, 0.5% sodium deoxycholate, 1 mM EDTA, 0.1% sodium deoxyl 
sulfate) containing proteinase inhibitors. Intracellular proteins in the lysates 
were separated by electrophoresis on 10% polyacrylamide gels and were then 
transferred to nitrocellulose or polyvinylidene difluoride membranes. After be- 
ing blocked with 5% nonfat milk in TBST buffer (10 mM Tris-Cl [pH 7.5], 150 
mM NaCl, 0.1% Tween 20) for 1 h at room temperature, the membranes were 
incubated overnight at 4°C with a monoclonal antibody specific for the JNK, 
phosphor-JNK, c-Jun, or phosphor-c-Jun (1:1,000 dilution; Cell Signaling Tech- 
nology, Inc.) in TBST-milk. Primary antibodies to total p38, phosphor-p38, total 
MEK, and phosphor-MEK were purchased from Cell Signaling Technology, Inc. 
Following extensive washing of the membranes with TBST buffer for 10 min, 
horseradish peroxidase-conjugated anti-mouse or anti-rabbit secondary antibod- 
ies (1:2,000 dilution; Cell Signaling Technology, Inc.) were added, and the reac- 
tion mixture was incubated for 1 h at room temperature. Proteins were detected 
using the Renaissance Western blot chemiluminescence reagent (NEN), fol- 
lowed by exposure to X-ray film (Kodak). 

Assay for NF-«B activation. NF-«B activation was analyzed with the TransAM 
NF-«B p65 transcription factor assay kit according to the manufacturer’s proto- 
col (Active Motif, Inc.). Briefly, cell nuclear extracts were incubated with the 
immobilized oligonucleotide containing the NF-«B p65 consensus site (5’-GGG 
ACT TTC C-3’) in a 96-well plate for 1 h, and the plate was washed three times. 
A primary antibody specific for NF-kB p65 was then added, followed by incu- 
bation for 1 h, and the plate was subsequently washed three times. Following the 
addition of a secondary anti-immunoglobulin G antibody conjugated with horse- 
radish peroxidase and incubation for 1 h, the reaction mixture was incubated with 
a developing solution for 30 min and the reaction was stopped by the addition of 
a stop solution. The protein-DNA binding complex was then quantified by 
spectrophotometry. Wild-type and mutated consensus oligonucleotides were 
used for competitive binding with NF-«B to monitor the specificity of the assay. 
The wild-type oligonucleotide competed for NF-«B binding to the probe immo- 
bilized on the plate, and the mutated consensus oligonucleotide did not. These 
controls were included in each assay. 

Generation of recombinant MHV-A59/2N virus. The parental MHV-A59 
(icA59) and the recombinant MHV-A59/MHV2N (icA59/2N) viruses were gen- 
erated from infectious cDNA clones by using the reverse-genetics method es- 
tablished by Yount et al. (48). Recombinant icA59/2N has the MHV-A59 ge- 
nome with replacement of the N gene from MHV-2. The seven cDNA fragments 
(A to G) encompassing the entire genome of the wild-type MHV-A59 were 
kindly provided by Ralph Baric (University of North Carolina at Chapel Hill). 
For generation of icA59/2N, the G fragment, which contained all of the struc- 
tural genes in the 3’ one-third of the viral genome, was divided into two roughly 
equal fragments (G1 and G2) and separately subcloned into plasmid vector 
pCR2.1-TOPO (Invitrogen), which can be joined together using the restriction 
enzyme Esp3I site. The MHV-2 N gene was amplified from viral RNAs by 
RT-PCR using the primer pair 5‘°-GGC GTC TCA AAG ACA GAA AAT CTA 
AA-3' (forward primer) and 5'-TTA TCG ACT TAG GTT CTC AAC AAT 
G-3' (reverse primer). The N gene of MHV-AS59 in the G2 fragment was then 
replaced with the MHV-2 N gene using the unique enzyme restriction sites SalI 
and NotI, resulting in a chimeric G2-MHV-2N fragment. Following restriction 
enzyme digestion and gel purification, the chimeric fragment and the other 
cDNA clones of MHV-AS59 origin were ligated together in a total reaction 
volume of 200 wl overnight at 16°C. Following extraction with chloroform and 
precipitation with isopropanol, the ligated DNAs were used for in vitro tran- 
scription with the mMessage mMachine T7 transcription kit (Ambion). The 
reaction was performed in 50-1 reaction mixtures supplemented with 7.5 yl of 
30 mM GTP at 40.5°C for 25 min, 37.5°C for 50 min, and 40.5°C for 25 min. The 
transcription products were electroporated into BHK cells expressing the MHV 
receptor and cocultured with DBT cells as described previously (48). The result- 
ant infectious virus, termed icA59/2N, was recovered from the culture medium 
and propagated in DBT cells following three rounds of plaque purification. 

Statistical analysis. The data were analyzed for statistical significance by 
analysis of variance when necessary and were expressed as mean values + 
standard deviations. The mean values were compared using Student’s ¢ test. P 
values of <0.01 or <0.05 were considered statistically significant. 
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RESULTS 


Differential induction of TNF-a and IL-6 in primary astro- 
cytes by infections with MHV-A59 and MHV-2. Using the cy- 
tometrics bead array assay, which can detect six proinflamma- 
tory cytokines (monocyte chemoattractant protein 1, IL-12p70, 
IL-6, IL-10, gamma interferon, and TNF-a) simultaneously, we 
previously showed that only TNF-a and IL-6 were differentially 
induced by MHV-A59 and MHV-2 (49). To verify these find- 
ings and to further understand the signaling mechanisms, here 
we used ELISA to quantify the cytokines in primary mouse 
astrocytes. The purity of the isolated astrocytes was deter- 
mined to be >95% by immunofluorescence analysis with an 
antibody specific for GFAP (Fig. 1A). The primary astrocytes 
were then infected with MHV-A59 or MHV-2 at an MOT of 5. 
Culture supernatants collected at 24 h p.i. were used for 
ELISA. Although certain variations were noted between data 
obtained from the cytometrics bead array assay and ELISA 
(data not shown), there was general agreement between the 
two methods with respect to TNF-a and IL-6. Approximately 
1,400 pg/ml of TNF-a and 470 pg/ml of IL-6 were secreted into 
the culture medium in MHV-A59-infected astrocytes, while 
less than 200 pg/ml of TNF-a and 10 pg/ml of IL-6 were 
induced by MHV-2 infection. In mock-infected cells, both 
TNF-a and IL-6 were either undetectable (Fig. 1B and C) or 
detected at a very low level (Fig. 1E and F), indicating that 
normal cell culture conditions have little effect on cytokine 
induction. 

To determine whether the differential induction was due to 
different replication abilities of the two virus strains, culture 
supernatants were analyzed for the virus titer by plaque assay. 
The results showed that the two viruses had similar yields (Fig. 
1D). Thus, the differential induction of TNF-a and IL-6 in 
primary astrocytes was not due to the replication efficiencies of 
the two viruses. To further determine which stages of the virus 
life cycle are involved in cytokine induction, astrocytes were 
infected with both live and UV-inactivated MHVs. At 24h p.i., 
the culture supernatants were analyzed for TNF-a and IL-6 
proteins by ELISA. The results showed that UV-inactivated 
MHV could no longer induce TNF-a and IL-6 (Fig. 1E and F, 
respectively), demonstrating that virus replication is required 
for triggering TNF-a and IL-6 induction. The results also con- 
firmed that the purified virus preparation was devoid of any 
potential inducers for the cytokines from DBT cell cultures. 

Kinetics of TNF-a and IL-6 induction by MHV-A59 infec- 
tion. To understand whether the induction of the cytokines is 
regulated at the transcriptional level, we employed qRT-PCR 
to determine the cytokine mRNAs and found that both TNF-a 
and IL-6 mRNAs were significantly induced in MHV-A59- 
infected, but not in MHV-2-infected, astrocytes at 24 h p.i. 
(data not shown). To further determine the kinetics of TNF-a 
and IL-6 induction, intracellular RNAs were isolated from 
astrocytes at various times p.i., and the levels of TNF-a and 
IL-6 mRNAs were quantified by (RT-PCR. As shown in Fig. 
2A and B, both TNF-a and IL-6 mRNAs were detected as 
early as 2 h p.i. at levels of approximately 1 and 2 pg, respec- 
tively. They then increased rapidly and reached a plateau by 
4h p.i., at which time approximately 8 pg of TNF-a and IL-6 
mRNAs per 10° cells was detected. Thereafter, they decreased 
rapidly. By 12h p.i., only half of the mRNAs detected at 4h p.i. 
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FIG. 1. Differential induction of TNF-a and IL-6 in primary mouse 
astrocytes by infection with MHV-A59 and MHV-2. (A) (Right) The 
purity of isolated primary mouse astrocytes was determined by immu- 
nofluorescence staining with an antibody specific for GFAP. (Left) 
Phase-contrast image showing the same field as in fluorescence stain- 
ing. (B and C) Induction of TNF-a (B) and IL-6 (C) in primary 
astrocytes by MHV infection. Cells were infected with MHV-A59 or 
MHV-2 at an MOI of 5 or mock infected as a control. The culture 
supernatants were collected at 24 h p.i. The amounts of TNF-a (B) and 
IL-6 (C) proteins in the supernatants were determined using ELISA 
kits. The results are expressed as the mean number of picograms per 
milliliter for three independent experiments. The error bars indicate 
standard deviations of the means. The asterisks indicate the statistical 
significance between the pairs (P < 0.05). (D) Virus production in 
primary mouse astrocytes. Virus infection was carried out as for panels 
B and C, and virus titers were determined at 24 h p.i. by plaque assay 
on DBT cells. The results are expressed as the mean number of PFU 
per milliliter for three independent experiments. The error bars indi- 
cate standard deviations of the means. (E and F) Dependence of 
TNF-a and IL-6 induction on virus replication. Primary astrocytes 
were infected with live or UV-inactivated MHV-AS59 at an MOI of 5 or 
mock infected. At 24 h p.i., the culture supernatants were collected to 
determine TNF-a (E) or IL-6 (F) protein amounts by ELISA as for 
panels B and C. 
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FIG. 2. Kinetics of induction of TNF-a and IL-6 in primary astro- 
cytes by MHV-AS9. Primary astrocytes were infected with MHV-A59 
at an MOI of 5. The cells and culture medium were separately col- 
lected at 0, 1, 2, 3, 4, 7, and 12 h p.i. for mRNA (A and B) and protein 
(C and D) detection. (A and B) Kinetics of TNF-a and IL-6 mRNA 
induction. Intracellular RNAs were isolated, and the amounts of 
TNF-a and IL-6 mRNA were determined by qRT-PCR. The results 
are expressed as the mean number of picograms of cDNA normalized 
to B-actin for three independent experiments. The error bars indicate 
standard deviations of the means. (C and D) Kinetics of TNF-a and 
IL-6 protein induction. The amounts of TNF-a and IL-6 protein in the 
supernatants were determined with an ELISA kit. The results are 
expressed as the mean number of picograms per milliliter for three 
independent experiments. The error bars indicate standard deviations 
of the means. 


were left. These data indicate that TNF-a and IL-6 mRNAs 
were rapidly induced by viral infection but that their turnover 
was rapid, as well. Like the induction of mRNA, the protein 
levels for TNF-a and IL-6 were detectable as early as 3 h p.i. 
and reached a plateau at 12 h p.i. However, unlike mRNAs, 
TNF-a and IL-6 proteins remained stable at a high level well 
beyond 24 h p.i. Taken together, these results demonstrate that 
TNF-a and IL-6 are induced by MHV infection, most likely at 
the transcription level, and that their inductions occur during 
the early stages of the virus life cycle. 

Characterization of the signal transduction pathways in- 
volved in TNF-a and IL-6 induction by MHV infection. As 
described in the introduction, the activation of TNF-a and IL-6 
can be triggered through all three MAP kinase signal trans- 
duction pathways, depending on the cell types and stimuli. It is 
not known which signaling pathway(s) is triggered by MHV 
infection to induce TNF-a and IL-6 expression in astrocytes. 
Therefore, primary astrocytes were treated with the p38 inhib- 
itor SB203580 (20 uM) and its nonspecific control inhibitor 
SB202474 (20 1M), the JNK inhibitor SP600125 (40 1M), or 
the MEK inhibitor UO126 (50 4M) and its nonspecific control 
inhibitor UO124 (50 ~M) for 1 h prior to and during virus 
infection. Mock-infected cells were used as a negative control. 
At 24h p.i., the culture medium was collected and the protein 
levels for TNF-a and IL-6 were determined by ELISA. As 
shown in Fig. 3A and B, the JNK inhibitor SP600125 signifi- 
cantly blocked the induction of TNF-a and IL-6 by infection 
with MHV-A59, whereas both p38 and MEK inhibitors and 
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FIG. 3. Characterization of signaling pathways involved in TNF-a 
and IL-6 induction by MHV-AS9 infection. (A and B) Primary astro- 
cytes were treated with the MEK inhibitor UO126 (50 1M), the con- 
trol inhibitor UO124 (50 1M), the p38 inhibitor SB203580 (20 .M), 
the control inhibitor SB202474 (20 M), or the JNK inhibitor 
SP600125 (40 4M) or mock treated with dimethyl sulfoxide (—) for 1 h 
prior to and throughout infection. The cells were infected with MHV- 
AS9 at an MOI of 5. The culture supernatants were collected at 24 h 
p.i. to determine TNF-a (A) and IL-6 (B) amounts and the virus titer 
(E). The amounts of TNF-a and IL-6 proteins were determined with 
an ELISA kit. The results are expressed as the mean number of 
picograms per milliliter for three independent experiments. The error 
bars indicate standard deviations of the means. The asterisks indicate 
statistical significance between the pairs (P < 0.05). (C and D) Effects 
of specific MAP inhibitors on MEK and p38 signaling. Primary astro- 
cytes were treated with UO126/U0124 or SB203580 (SB80)/SB202474 
(SB74) at the indicated concentrations and were infected with MHV- 
AS9 at an MOI of 5. The cell lysates were used for detection of total 
(T) or phosphorylated (P) MEK and p38 in Western blots using spe- 
cific antibodies. Cells infected with virus alone (lanes Virus) were used 
as a positive control for potential activation of the MAP kinase sig- 
naling pathways, while uninfected and untreated cells were used as a 
negative control for basal-level expression (lane Mock). (E) Virus 
titers were determined by virus plaque assay on DBT cells and are 
expressed as the mean number of PFU per milliliter for three inde- 
pendent experiments. The error bars indicate standard deviations of 
the means. 


their nonspecific control inhibitors had no effect on TNF-a and 
IL-6 induction. These results indicate that the induction of 
TNF-a and IL-6 in astrocytes by MHV-AS59 infection is medi- 
ated via the JNK signaling pathway, but not the p38 and MEK 
signaling pathways. In addition, although MHV-2 induced 
TNF-a at a very low level, the pattern of inhibition by the three 
MAP kinase inhibitors was very similar to that in MHV-A59- 
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infected cells, suggesting that the activation pathways for the 
two viruses are similar (data not shown). 

To confirm that the failure of p38 and MEK inhibitors 
(SB203580 and UO126) to block TNF-a and IL-6 expression 
was not due to their inability to inhibit the specific signaling 
pathways or to ineffective concentrations, primary astrocytes 
were treated with the specific and nonspecific inhibitors at the 
same or double concentrations and infected with MHV-AS59 at 
the same MOI of 5. At 8 h p.i, the cell lysates were isolated 
and the protein levels for p38 and MEK were determined by 
Western blot analysis. As shown in Fig. 3C, phosphorylated 
MEK was slightly increased in virus-infected cells compared to 
that in mock-infected cells, suggesting an activation of the 
MEK signaling pathway by MHV infection. Treatment of cells 
with the specific inhibitor UO126 at both concentrations re- 
duced the phosphorylated MEK to the background level, while 
treatment with the nonspecific inhibitor UO124 at the same 
concentrations did not have any effect on MEK phosphoryla- 
tion. The total MEK protein levels remained similar in the 
experimental and control samples. Similarly, phosphorylated 
p38 was slightly increased in virus-infected cells compared to 
that in mock-infected cells. Treatment of cells with the specific 
inhibitor S$B203580 completely blocked virus-induced phos- 
phorylation of p38, while the nonspecific control inhibitor 
SB202474 had no effect on p38 phosphorylation (Fig. 3D). 
These data combined demonstrate that although the specific 
MEK and p38 inhibitors completely blocked virus-induced ac- 
tivation of the respective signaling pathways, they were unable 
to inhibit the induction of TNF-a and IL-6 by virus infection, 
thus establishing that induction of TNF-a and IL-6 by MHV 
infection in primary astrocytes is independent of the p38 and 
MEK signaling pathways. 

We previously reported that the MEK inhibitor UO126 in- 
hibited the replication of another MHV strain, JHM (3). To 
rule out the possibility that inhibition of TNF-a and IL-6 in- 
duction by the JNK inhibitor SP600125 might result from 
greater inhibition of virus replication than with the other two 
inhibitors, we also determined the virus titers in inhibitor- 
treated culture medium. While all three specific inhibitors in- 
hibited virus production by 0.5 to 1 log,;) PFU/ml, with the 
greatest inhibitory effect observed for UO126 (1 logi,) (Fig. 
3E), the differences in virus titers among the three inhibitor- 
treated cultures were statistically insignificant (P > 0.05). As 
expected, the nonspecific control inhibitors UO124 and 
SB202474 had no effect on virus titers (Fig. 3E). Thus, al- 
though all three MAP kinase pathways are able to regulate 
TNF-a and IL-6 induction by certain stimuli, MHV-induced 
TNF-a and IL-6 production is mediated specifically and exclu- 
sively through the JNK signaling pathway. 

Differential activation of the JNK signaling pathway in pri- 
mary astrocytes by MHV-A59 and MHYV-2. The results de- 
scribed above indicate that the JNK signaling pathway might 
be activated by MHV infection. To test this possibility, we 
infected primary astrocytes with MHV-A59 and MHV-2 at an 
MOI of 5 or mock infected them as a control. Cells were 
collected at 24 h p.i. to determine the phosphorylation status of 
JNK and its substrate transcription factor c-Jun by Western 
blot analysis. As shown in Fig. 4A, the amounts of total JNK 
were similar in cells either infected with MHV-A59 and 
MHV-2 or mock infected, indicating that MHV infection did 
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FIG. 4. Differential activation of the JNK signaling pathway by 
infections with MHV-A59 and MHV-2. (A) Primary astrocytes were 
infected with MHV-AS9 or MHV-2 at an MOI of 5 or mock infected. 
Cells were then collected at 24 h p.i. Phosphorylated (P) and total 
(T) JNK and phosphorylated c-Jun were detected by Western blotting 
with phosphorylation-specific antibodies. B-Actin was used as an in- 
ternal control. (B) Kinetics of JNK pathway activation by MHV-A59 
infection. Primary astrocytes were infected with MHV-A59 at an MOI 
of 5. The cell lysates were collected at 0, 1, 2, 3, 4, 5, 6, 12, 18, and 24h 
p.i. Phosphorylated and total JNK and phosphorylated c-Jun were 
detected by Western blotting as for panel A. 


not activate JNK at the transcriptional and translational levels. 
Interestingly, although the amounts of one of the two phos- 
phorylated JNK species (with a lower molecular weight) were 
similar in MHV-infected and mock-infected cells, the amount 
of the other phosphorylated JNK species was significantly in- 
creased in MHV-A59-infected cells. The amount of the phos- 
phorylated JNK species with a higher molecular weight in 
MHV-2-infected cells was slightly more than that in mock- 
infected cells. These results demonstrate that the JNK signal- 
ing pathway is differentially activated in astrocytes by MHV- 
A59 and MHV-2, which is correlated with the differential 
induction of TNF-a and IL-6 by the two viruses. The results 
also suggest that the activation of the JNK pathway is likely 
mediated through a specific phosphorylation site on JNK, 
which leads to the detection of the species with a higher mo- 
lecular weight. To further establish that the JNK signaling 
pathway is indeed activated, we determined the phosphoryla- 
tion status of its substrate, c-Jun. Indeed, we detected a signif- 
icant amount of phosphorylated c-Jun in MHV-A59-infected 
cells but very little in MHV-2- and mock-infected cells, thus 
establishing that the JNK signaling pathway is differentially 
activated by MHV infections. 

To provide further evidence for the signaling activation, we 
determined the kinetics of JNK and c-Jun phosphorylation 
following MHV-AS59 infection. We found that both phosphory- 
lated JNK and phosphorylated c-Jun were readily detectable at 
2 to 3 h pi. (Fig. 4B). Thus, the kinetics of JNK signaling 
pathway activation and TNF-a induction by MHV infection 
were similar, suggesting a potential link between the signaling 
events. 

Knockdown of JNK by JNK-specific small interfering RNAs 
(siRNAs) inhibited TNF-a induction by MHV-A59 infection. 
To establish that the activation of the JNK signaling pathway is 
directly linked to TNF-a induction by MHV infection, we 
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FIG. 5. TNF-a induction by MHV-AS59 infection is inhibited by 
JNK siRNAs. (A) Primary astrocytes were transfected with siRNAs to 
JNK1 and JNK2 singly or in combination or were transfected with a 
nonspecific siRNA (GloSiRNA). The cells were then infected with 
MHV-AS9 at an MOI of 5 or mock infected. The cell lysates were 
collected at 24 h p.i. for detection of JNK, phosphorylated (P) c-Jun, 
and total (T) c-Jun by Western blotting using the respective antibodies. 
(B) Culture supernatants were collected at 24 h p.i. for detection of 
TNF-a protein by ELISA. The results are expressed as the mean 
number of picograms per milliliter for three independent experiments. 
The error bars indicate standard deviations of the means. The asterisks 
indicate a statistical significance between the pairs (P < 0.05). 


transfected primary astrocytes with siRNAs specific for JNK1 
or JNK2 individually or in combination. Nonspecific siRNA 
with green fluorescence was used as a negative control and for 
monitoring the transfection efficiency, which reached more 
than 90% (data not shown). At 36 h posttransfection, cells 
were infected with MHV-A59 at an MOI of 5 or mock in- 
fected. At 24 h p.i, cells were collected to determine the 
effectiveness of JNK knockdown by siRNAs by Western blot 
analysis, while the supernatants were used for determining 
TNF-a protein levels by ELISA. The results showed that there 
was a significant inhibition of total JNK in MHV-A59-infected 
cells when both JNK siRNAs were transfected but only slight 
inhibition when JNK1 and JNK2 siRNAs were transfected 
individually (Fig. 5A, top). To further assess the functional 
significance of the JNK pathway inhibition by the siRNAs, we 
also determined the effect on the JNK substrate, c-Jun. Indeed, 
phosphorylated c-Jun was significantly inhibited when both 
siRNAs were transfected together (Fig. 5A, middle). Phos- 
phorylated c-Jun levels were significantly higher in virus-in- 
fected cells than in mock-infected cells (Fig. 5A, middle), con- 
sistent with the activation of the JNK pathway by virus 
infection (Fig. 4). However, transfection with the nonspecific 
and JNK-specific siRNAs did not alter the expression level of 
total c-Jun (Fig. 5A, bottom), indicating that reduction of 
phosphorylated c-Jun is a consequence of the inhibition of its 
upstream kinase JNK protein by the siRNAs and not inhibition 
of the c-Jun protein level. We then determined whether knock- 
down of JNK by siRNAs would affect TNF-a induction. We 
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FIG. 6. Virus replication is required for JNK activation. Primary 
astrocytes were infected with live or UV-inactivated MHV-AS59 at an 
MOI of 5 or mock infected. At 24 h p.i., the cell lysates were isolated 
and used for detecting phosphorylated JNK (P-JNK) and c-Jun (P-c- 
Jun) or total JNK (T-JNK) by Western blot analysis using specific 
antibodies as described in the legend to Fig. 5. B-Actin was used as an 
internal control. 


determined the amounts of TNF-a in culture supernatants that 
were transfected with the siRNAs for 36 h and then infected 
with MHV-AS59 for 24 h. The results showed that transfection 
of the JNK siRNAs significantly inhibited TNF-a production 
and that the inhibitory effect was greater in cells transfected 
with both siRNAs than in cells transfected with the siRNAs 
individually (Fig. 5B). Combined with the results obtained with 
the JNK inhibitor SP600125 (Fig. 3), these data thus establish 
that induction of TNF-a by MHV infection is mediated 
through the activation of the JNK signaling pathway. 

Virus replication is required for activation of the JNK sig- 
naling pathway. As shown in Fig. 1, virus replication is re- 
quired for TNF-a and IL-6 induction. To further establish the 
cause-effect relationship, we determined whether activation of 
the JNK signaling pathway also requires virus replication. As- 
trocytes were infected with MHV-AS59 at an MOI of 5 or with 
UV-inactivated MHV-59 at an equivalent preinactivation titer. 
The completeness of UV inactivation was confirmed by plaque 
assay. Cell lysates were collected at 24 h p.i., and the phosphory- 
lation status of both JNK and c-Jun was determined by 
Western bloting with specific antibodies. As expected, UV- 
inactivated MHV-AS59 did not activate JNK and c-Jun phos- 
phorylation (Fig. 6), indicating that activation of the JNK sig- 
naling pathway requires virus replication. This finding further 
supports the conclusion that induction of TNF-a by MHV 
infection is mediated via the activation of the JNK signaling 
pathway. 

NF-«B is activated by MHV infection. Since the promoter of 
the TNF-a gene contains four NF-«B binding sites (Fig. 7A) 
and activation of NF-«B can induce the expression of proin- 
flammatory cytokines, including TNF-a and IL-6, in many 
types of cells (5, 29), we wondered if MHV-AS59 infection could 
activate NF-«B. Primary astrocytes were infected with MHV- 
AS59 at an MOTI of 5 or mock infected. At 8 h p.i., the nuclear 
translocation of NF-kB was monitored following immunoflu- 
orescence staining and observed under a confocal laser 
scanning microscope. Indeed, we observed that nuclear trans- 
location of NF-«B was detected in a significant number of 
virus-infected cells (Fig. 7B, right) compared with mock-in- 
fected cells, which had little nuclear translocation (Fig. 7B, 
left). To verify this finding, cell nuclear extracts were isolated 
and NF-«B activity was determined with the commercial 
TransAM NF-kB p65 kit, which measures the binding capacity 
of NF-kB from the nuclear extracts to the consensus binding 
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FIG. 7. Activation of TNF-a by MHV-A59 infection. (A) Sche- 
matic diagram showing the sequence elements of the murine TNF-a 
(mTNF-a) promoter and the binding sites for transcription factors 
NF-«B (kB), CRE, AP-1, and Sp1. (B) Nuclear translocation of NF-KB 
following MHV-AS59 infection. Cells were infected with MHV-AS59 at 
an MOI of 5 for 18 h (right) or mock infected (left). The cells were 
fixed with 4% paraformaldehyde and stained with primary anti-NF-«B 
p65 polyclonal antibody and fluorescein isothiocyanate-conjugated 
goat anti-rabbit antibody. The images were taken with a digital camera 
under a fluorescence microscope. The arrows indicate the nuclear 
translocation. (C) Assay for NF-«B activation. Primary astrocytes were 
infected with MHV-AS59 at an MOI of 5 or mock infected. At 18 h p.i., 
nuclear extracts were isolated and NF-«B activity was determined with 
the TransAM NF-xB p65 kit as described in Materials and Methods. 
The results are expressed as the mean absorbance at 450 nm (OD4s9) 
for three independent experiments. The error bars indicate standard 
deviations of the mean. The asterisk indicates statistical significance 
between the pair (P < 0.05). 


sequence. The results showed that MHV-A59 infection acti- 
vated NF-kB (Fig. 7C). 

MHV-induced NF-«B activation is mediated through the 
JNK signaling pathway. To determine how NF-«B is activated 
by MHV infection, we treated cells with NF-«B inhibitors in 
the presence or absence of the JNK inhibitors. At 24 h p.i., cell 
nuclear extracts were isolated and NF-«B activity was deter- 
mined with the same TransAM NF-«B p65 assay kit. We found 
that treatment of cells with the JNK inhibitor SP600125 sig- 
nificantly inhibited the NF-«B activity to a level comparable 
with that obtained with the NF-«B p65-inhibitory peptide (Fig. 
8). However, a combination treatment with the NF-«B-inhib- 
itory peptide (Ser276) and the JNK inhibitor SP600125 did not 
result in further inhibition of NF-«B activity, suggesting that it 
is unlikely that additional pathways activated NF-«B during 
virus infection. In contrast, treatment with a nonspecific pep- 
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FIG. 8. MHV-induced NF-«B activation is mediated through the 
JNK signaling pathway. Primary astrocytes were pretreated with the 
NF-«B inhibitor peptide Ser276 (Ser) at 50 wM or with a nonspecific 
inhibitor (NS) or were untreated (—) in the presence (SP) or absence 
(mock) of the JNK inhibitor SP600125. The cells were then infected 
with MHV-AS9 at an MOI of 5S. At 24 h p.i., cell nuclear extracts were 
prepared and NF-«B activity was determined with the TransAM 
NF-«B p65 assay kit, as described in Materials and Methods. The 
results are expressed as the mean absorbance at 450 nm (OD459) for 
three independent experiments. The error bars indicate standard de- 
viations of the mean. The asterisks indicate statistical significance 
between the pairs (P < 0.05). 


tide did not inhibit NF-«B activity. Thus, these results indicate 
that MHV-induced NF-«B activation is likely mediated 
through the actions of the JNK signaling pathway. 

Role of NF-«B activation in TNF-a and IL-6 induction by 
MBHV infection. To determine if NF-«B plays a role in TNF-a 
and IL-6 induction, we employed a complementary approach 
using two different NF-«B inhibitors. It has been reported that 
the NF-«B-inhibitory peptide SC3060 blocks the nuclear trans- 
location of NF-kB while the NF-«xB p65 (Ser276)-inhibitory 
peptide blocks the binding of the NF-«B p65 subunit to its 
consensus binding site, thereby inhibiting downstream gene 
transcription (2, 32, 44). Primary astrocytes were treated with 
both NF-«B inhibitors or with a nonspecific peptide and were 
infected with MHV-AS9. Cell lysates were collected for deter- 
mination of the activity of the NF-kB complex with a commer- 
cial TransAM NF-kB p65 kit. The results showed that MHV- 
AS9 infection activated NF-«B and that treatment of cells with 
both NF-«B inhibitors significantly inhibited NF-«B activity 
(P < 0.05) (Fig. 9A). In contrast, NF-«B activity was not 
inhibited when the cells were treated with the nonspecific in- 
hibitor (Fig. 9A). However, treatment of cells with these in- 
hibitors did not significantly inhibit TNF-a and IL-6 induction 
by virus infection (Fig. 9B and C). Thus, the precise role of 
NF-«B in TNF-a and IL-6 induction remains unclear (see 
Discussion). 

MBHYV S and N genes are not responsible for the differential 
induction of TNF-a and IL-6 in astrocytes. The S protein of 
MHV has been shown to be an important determinant of 
pathogenicity in mice (9), and the N protein is a potential 
transcription factor that activates liver prothrombinase gene 
expression, which can contribute to MHV-induced fulminant 
hepatitis in mice (28). In an attempt to identify which viral 
gene(s) is potentially responsible for the differential induction 
of proinflammatory cytokines in astrocytes, we used two re- 
combinant viruses (Penn-98-1 and icA59/2N) whose S or N 
gene was replaced with the counterpart from MHV-2 (Fig. 
10A). The growth properties of the two recombinant viruses 
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FIG. 9. Role of NF-«B activation in the induction of TNF-a and 
IL-6 in primary astrocytes by MHV infection. (A) Primary astrocytes 
were pretreated with the NF-KB inhibitor SC3060 or NF-KB p65 
(Ser276)-inhibitory peptide at a concentration of 50 wM or treated 
with a control peptide (NS). The cells were then infected with MHV- 
AS9 at an MOI of 5 or mock infected (MI) as a control. The cell 
nuclear lysates were extracted at 24 h p.i. for determination of NF-«B 
activity with a TransAM NF-«B p65 kit. (B and C) NF-«B activity was 
expressed as the mean absorbance at 450 nm (OD459) in three inde- 
pendent experiments. The error bars indicate standard deviations of 
the means. The culture supernatants were collected at 24 h p.i. to 
measure TNF-a (B) and IL-6 (C) protein levels by ELISA. The 
amounts of TNF-a and IL-6 were expressed as mean numbers of 
picograms per milliliter in three independent experiments. The error 
bars indicate standard deviations of the means. The asterisks indicate 
statistical significance between the pairs (P < 0.05). 


were similar to those of the wild-type MHV-A59 and MHV-2 
in primary astrocytes (data not shown). Following infection of 
primary astrocytes with the wild-type and recombinant MHVs 
for 24 h, the protein levels of TNF-a and IL-6 in the culture 
supernatants were determined by ELISA. The results showed 
that both recombinant viruses induced TNF-a and IL-6 to 
levels similar to those induced by the wild-type MHV-A59 
(Fig. 10B and C), indicating that viral genes other than the S 
and N genes are responsible for the induction of TNF-a and 
IL-6 in astrocytes by MHV-A59 infection. 
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FIG. 10. The S and N genes of ee are not responsible for 
the induction of TNF-a. (A) Schematic diagram of the MHV genome 
highlighting the differences in S and N genes in the recombinants 
Penn-98-1 and icA59/2N with respect to the parental MHV-AS59 and 
MHV-2. (B and C) Induction of TNF-a and IL-6 in primary astrocytes 
by MHV infection. Primary astrocytes were infected with the recom- 
binant viruses Penn-98-1 and icA59/2N or the parental viruses MHV- 
AS9 and MHV-2 at an MOI of 5, and the cell culture supernatants 
were collected at 24 h p.i. The protein levels of TNF-a and IL-6 were 
determined by ELISA and are expressed as mean numbers of pico- 
grams per milliliter in three independent experiments. The error bars 
indicate standard deviations of the means. The asterisks indicate sta- 
tistical significance between the pairs (P < 0.05). 


DISCUSSION 


In the present study, we demonstrated that induction of 
TNF-a expression in primary mouse astrocytes by MHV-A59 
infection is mediated specifically through activation of the JNK 
signaling pathway. This conclusion was drawn from initial ob- 
servations that TNF-a expression was inhibited only by an 
inhibitor specific for JNK, but not by those specific for p38 and 
MEK (Fig. 3). It was further confirmed by using siRNAs spe- 
cific for JNK (Fig. 4 and 5). It is worth noting that although a 
substantial level of TNF-a production was detected even after 
siRNA-mediated knockdown of JNK (Fig. 5), it was likely due 
to incomplete knockdown of JNK by specific siRNAs, which is 
strongly activated by MHV infection (Fig. 5). Thus, although 
TNF-a expression can be regulated by all three MAP kinase 
signaling pathways (6, 20), MHV-induced TNF-a expression is 
specifically and exclusively regulated via the JNK signaling 
pathway. Indeed, both JNK and its substrate transcription fac- 
tor c-Jun are activated in MHV-AS59-infected astrocytes (Fig. 
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4). Interestingly, although both JNK species are significantly 
phosphorylated in MHV-A59-infected cells, only the larger 
JNK species likely plays a role in TNF-a induction, since sig- 
nificant levels of phosphorylation of the smaller JNK species 
were also detected in MHV-2- and mock-infected cells (Fig. 4). 
These results suggest that unlike other stimuli, MHV-A59 
infection induces TNF-a expression in primary astrocytes 
through the activation of a distinct species or phosphorylation 
site in JNK. To our knowledge, this phenomenon has not been 
described before. 

The promoter region of TNF-a contains four NF-«B binding 
sites, a calcium- and cyclic-AMP-responsive element (CRE), 
and an AP-1 and Spl cis-binding site (5). Thus, expression of 
TNF-a at the transcriptional level is regulated by multiple 
transcriptional factors individually or in combination, depend- 
ing on the cell type and stimulus (10, 22, 27, 29, 33). While the 
basal transcription of TNF-a is controlled by Sp1, inducible 
expression of TNF-a is likely regulated by NF-«B, cyclic AMP, 
and AP-1. Our finding that MHV-induced TNF-a expression is 
mediated through activation of the JNK/c-Jun signaling path- 
way suggests that transcription of the TNF-a gene is induced 
by c-Jun upon binding directly to the AP-1 binding site or, in 
coordination with other factors, to the CRE site in the pro- 
moter. It has been shown that both AP-1 and CREs can func- 
tionally cooperate or work independently (45, 46). C-Jun in- 
teracts with another transcription factor, NFATp, to regulate 
TNF-a expression in activated T cells by binding of two 
NFATp molecules to the kappa 3 element in association with 
c-Jun binding to an immediately adjacent CRE site (45, 46). 
Alternatively, the activation of JNK may also activate other 
downstream transcription factors, such as NF-«B, which in 
turn induces expression of TNF-a through binding to the four 
NF-«B consensus binding sites in the TNF-« promoter. We 
examined the latter possibility by determining the activation 
and nuclear translocation of NF-kB following MHV-A59 in- 
fection. Our data show that NF-«B is indeed activated by 
MHV infection and that its activation is dependent on the 
activation of the JNK signaling pathway (Fig. 7 and 8). How- 
ever, it appears that activation and nuclear translocation of 
NF-«B do not play critical roles in TNF-a and IL-6 induction, 
since inhibition of NF-«B activation and blockage of nuclear 
translocation by specific peptide inhibitors do not significantly 
affect TNF-a and IL-6 expression following MHV-AS59 infec- 
tion (Fig. 9 and data not shown). One possible explanation is 
that c-Jun is immediately and drastically activated by MHV 
infection and that c-Jun plays a predominant role in inducing 
TNF-a/IL-6 expression under such conditions. Another possi- 
bility is that NF-xB may be activated at later stages of virus 
infection or secondarily by secreted TNF-a. Consequently, in- 
hibition of NF-«B activation has little effect on initial TNF-a/ 
IL-6 induction. It should be noted that the precise kinetics of 
NF-«B activation was not determined in the current study. A 
third possibility is that the level of NF-«B activation may not be 
proportional to the level of cytokine production. As a result, a 
40 to 50% reduction in NF-«B activity by the inhibitors may 
not be sufficient to significantly inhibit TNF-a and IL-6 induc- 
tion (Fig. 9). Alternatively, while these peptide inhibitors ap- 
pear to be specific for the canonical NF-KB pathway, MHV- 
induced NF-«B activation may utilize noncanonical pathways. 
As a result, these inhibitors cannot block NF-«B-dependent 
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TNF-a and IL-6 induction (26). Irrespective of its role in 
regulating TNF-a expression, activation of NF-kB in MHV- 
infected astrocytes likely has profound effects on host cells, 
since NF-«B is a key transcription factor that regulates the 
transcription of a wide array of cellular genes, which are in- 
volved in homeostasis, development, differentiation, host de- 
fense, or induction of inflammation. Thus, activation of NF-xB 
may play important roles in the pathogenesis of MHV-induced 
CNS diseases. Such potential roles for NF-«B will be examined 
in the future. Nevertheless, our data unequivocally establish 
that MHV-induced expression of TNF-a is mediated through 
activation of the JNK signaling pathway. 

In an attempt to identify the potential viral gene(s) respon- 
sible for the differential induction of proinflammatory cyto- 
kines, we used two chimeric viruses with an exchange of the S 
or N gene between MHV-A59 and MHV-2 and found that 
neither the S nor the N protein is responsible for differential 
TNF-a and IL-6 induction (Fig. 10). Thus, it remains unclear 
what other viral gene(s) is responsible for TNF-a and IL-6 
induction. Our studies of the kinetics of TNF-a expression at 
both mRNA and protein levels showed that TNF-a is readily 
induced in virus-infected astrocytes as early as 2 h p.i. (Fig. 2), 
which suggests that TNF-a induction is likely mediated during 
early stages of the virus life cycle, including viral entry and viral 
protein and RNA synthesis. However, because viral entry, 
which is largely mediated through the S protein, cannot ac- 
count for the TNF-a induction, viral genome translation and 
RNA synthesis, which usually take place during the first hours 
following viral entry, are most likely to be the trigger. Consis- 
tent with this interpretation is the finding that infection with 
UV-inactivated MHV-AS59 failed to induce TNF-a expression 
or to activate the JNK signaling pathway (Fig. 1 and 6). Thus, 
induction of TNF-a requires virus replication. To further de- 
termine whether the protein products resulted from genome 
translation or whether the viral mRNAs following replication 
induced TNF-a, we treated primary astrocytes with cyclo- 
heximide prior to and during virus infection. Unfortunately, 
treatment with cycloheximide alone (without virus infection) 
induced a significant amount of TNF-a secretion into the cul- 
ture medium (data not shown). Thus, we were unable to pre- 
cisely determine the viral factors involved in differential TNF-a 
and IL-6 induction. Future experiments should address this 
important question. 
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